The glucocorticoid receptor (GR) was one of the first nuclear hormone receptors cloned and represents one of the most effective drug targets available today for the treatment of severe inflammation. The physiologic consequences of endogenous or exogenous glucocorticoid excess are well established and include hyperglycemia, insulin resistance, fatty liver, obesity, and muscle wasting. However, at the molecular and tissue-specific level, there are still many unknown protein mediators of glucocorticoid response and thus, much remains to be uncovered that will help determine whether activation of the GR can be tailored to improve therapeutic efficacy while minimizing unwanted side effects. This review summarizes recent discoveries of tissue-selective modulators of glucocorticoid signaling that are important in mediating the unwanted side effects of therapeutic glucocorticoid use, emphasizing the downstream molecular effects of GR activation in the liver, adipose tissue, muscle, and pancreas. (Molecular Endocrinology 28: 999 -1011, 2014)
G lucocorticoids (GCs) cortisol in humans and corticosterone in rodents are endogenous stress hormones that affect nearly every organ and tissue in the body, regulating diverse physiologic processes including energy homeostasis (metabolism), the immune response, skeletal growth, reproduction, behavior, cell proliferation, and survival (1) . In normal physiology, stress-triggered activation of hypothalamic-pituitary-adrenal (HPA) axis induces GC synthesis and secretion from the adrenal cortex, which is tightly regulated by feedback inhibition of the HPA axis (2) . The essential role of GCs is to supply enough glucose into the circulation to fuel the brain and ensure survival of the organism under conditions of acute stress or reduced food intake ( Figure 1) . The mechanisms by which GCs orchestrate this effect include: 1) increased hepatic glucose production (2, 3); 2) decreased peripheral glucose uptake into muscle and adipose tissue (4, 5); 3) increased breakdown of fat and muscle to provide additional substrates for glucose production (6 -10); and 4) inhibition of insulin release from ␤-cells (11) .
GCs are elevated basally in obese diabetic mouse models (ob/ob and db/db mice) and in some patients with insulin resistance, and correlate with the occurrence of fatty liver and hyperglycemia (12) (13) (14) (15) . Likewise, patients with Cushing's syndrome, a disease characterized by chronic elevation of endogenous GCs, have an increased central obesity, hepatosteatosis, and hyperglycemia (16, 17) . Adrenalectomy of db/db mice mitigates the diabetic and obese phenotype of this genetic model of disease (18) . Signaling through the glucocorticoid receptor (GR) is central to these phenotypes because administration of the GR antagonist RU-486 attenuates hyperglycemia in db/db mice (19, 20) .
Synthetic GCs, such as dexamethasone (Dex) and prednisone, have potent antiinflammatory and immunosuppressive effects; and as such, have been widely prescribed over the past 60 years for the treatment of chronic inflammatory diseases, autoimmune diseases, organ transplant rejection, and certain types of leukemia. It is estimated that 1.2% of the US population is currently being treated with a prescription GC drug (21) . Chronic use of GCs, however, disturbs normal homeostasis and causes deleterious side effects in humans and rodents including dysregulation of glucose and fat metabolism, hepatosteatosis, insulin resistance, diabetes, osteoporosis, muscle wasting, growth retardation, infertility, cognitive dysfunction, glaucoma, cataracts, and topical skin thinning (1, 3, 5, (22) (23) (24) (25) (26) . Given the importance of GC drugs in the treatment of chronic inflammatory diseases, the ideal therapeutic would be one that retained the antiinflammatory actions of GCs without inducing the negative side effects. Historically, the pharmaceutical industry tried to tackle this problem by screening for drugs that dissociated GR-mediated transrepression from transactivation, reasoning that the antiinflammatory actions of GCs could be ascribed to transrepression, whereas the unwanted side effects of GCs were a result of combined transactivation and repression (27) . This dogma has recently been questioned (28) because dimerization and transactivation of GR are both unequivocally important for its antiinflammatory function (29, 30) . For example, GCs directly induce the expression of dual specificity protein phosphatase 1 (Dusp1), a phosphatase that acts to inactivate several transcription factors involved in promoting proinflammatory gene expression (31) . We now recognize that tissue, cell, and gene-specific effects of GR activation are orchestrated by many factors including the tissue-specific presence of coregulatory proteins, different GR isoforms, the phosphorylation status of GR, and the sequence of the GR-binding site and flanking DNA on target genes (32, 33) . Genome-wide analyses have shown that GR-binding to DNA is highly context specific and relies on the interplay of GR with other proteins (30, 34, 35) . Thus, the identification and characterization of molecular factors impinging on GC signaling may provide new insight into mechanisms that can be used to dissociate the positive and negative effects of prescription GC drugs. This review summarizes known mechanisms of GC signal transduction and highlights the more recent findings of novel effectors of GC actions in metabolic tissues.
Overview of GR Biology

Classic mechanisms of GR genomic signaling
At the cellular level, GCs exert both therapeutic and adverse effects through the GR (NR3C1), which belongs to the nuclear receptor superfamily of ligand-activated transcription factors. Upon GC-binding in the cytosol, GR is released from a large multiprotein chaperone complex containing heat shock protein (HSP)-90 and HSP-70. This binding event unmasks the nuclear localization sequence and GR translocates into the nucleus. In the nucleus, it activates or represses transcription of distinct sets of genes either by directly binding to specific DNA sequences (glucocorticoid response elements [GREs]) or through direct protein-protein interactions with other transcription factors and/or coregulators ( Figure 2A ) (30, 36, 37) .
Nongenomic GR signaling
GR has also been shown to participate in nongenomic mechanisms Figure 1 . In response to increased GC levels, liver, muscle, and adipose tissue act in concert to increase circulating glucose levels to provide the requisite energy to maintain brain function. GCs increase the transcription of genes involved in de novo gluconeogenesis (liver) while also increasing protein catabolism (muscle) and lipolysis (adipose) to provide substrates for glucose production by the liver. of signal transduction through interactions involving cytosolic GR or specific membrane-bound receptor as reviewed by Stahn et al (38) . These nongenomic interactions exert a cellular response within minutes of GC treatment. Although nongenomic mechanisms are not the focus of this review, there are several examples of nongenomic GR interactions that impact the metabolic response to GCs. For example, using kinome analysis, it was found that GC treatment of 3T3 adipocytes hampers insulin signaling by inhibiting insulin receptor (IR) tyrosine kinase activity and phosphorylation of its downstream targets IRS-1 and AKT in a GR-dependent (RU-486 treatment-sensitive) and transcription-independent (actinomycin D-insensitive) mechanism (39).
GR-binding sites revealed from genome-wide chromatin immunoprecipitation (ChIP) studies
Genome-wide studies using ChIP combined with nextgeneration sequencing (ChIP-seq) have shown that most GR-binding sequences (GBSs) are not present in the typical promoter regions near the transcription start site (TSS) of genes ( Figure 2B) . A significant number of GBSs are actually located in intragenic regions and at distances greater than 25 kb from the TSS (40) . The role that distal binding sites have on transcriptional regulation is not yet clear, and it is difficult to assign a specific binding event to changes in a potential gene target on a genomic scale. In fact, only 50% of the genes that have a GR-binding site within 100 kb of a TSS demonstrate a Dex-dependent transcriptional response (34, 35, 41) . Moreover, comparing different GBSs to the DNase accessibility of those same sites demonstrated that approximately half of the GBS motifs had an absolute requirement for accessible chromatin in A549 lung carcinoma cells (34, 42) .
ChIP-seq studies performed in mouse liver found that genes activated and repressed by GR are actively remodeled upon GC treatment (ie, have altered DNase hypersensitivity sites [43] ). CCAAT/enhancer-binding protein ␤ (C/EBP␤) appears to direct GR-binding to the liver genome through a highly cooperative mechanism whereby 62% of GR-binding sites are pre-occupied by C/EBP␤ prior to GR-binding (43 [40] ), the authors found that only 0.5% of the 11 000 binding sites in liver are shared between the 4 other cell types, and 83% of sites are unique to liver tissue (43) . Despite the unique locations of the GR-binding sites in different tissues, the consensus GR response element that was enriched in each of the studies was very similar and consisted of an inverted repeat with 3-nucleotide spacer ( Figure 2C) . The above mentioned studies further reinforce the idea that cell/tissue-specific expression of proteins dictates GR-binding sites and transcriptional output.
Molecular Mediators of GR Activity
GC signaling can be viewed as a series of essential steps starting with 1) the availability of active GC in the target tissue; 2) binding of the GC/GR complex to DNA and/or accessory factors important for signal activation; and 3) the increase or decrease of GR gene products that contribute to physiologic responses. This review focuses exclusively on the events occurring at the level of GR or downstream of GR and does not report on the important role of prereceptor metabolism in GC/GR signaling. In this regard, the enzyme 11␤-hydroxysteroid dehydrogenase 1 has been shown to be critical for generating active GC within tissues and is currently being investigated as a drug target for the treatment of metabolic disease and has been summarized in a recent review (46) . Below, we describe molecular mediators of GR activation in individual metabolic tissues.
Liver
Role of GCs in the regulation of hepatic gluconeogenesis
The activation of the HPA axis is a physiologic response to stress that is intended to be of short duration, allowing the body to acutely elevate glucose levels to provide the energy needed to overcome the stressful stimuli. Prolonged GC activation, as in exogenous GC administration or Cushing's syndrome, results in hyperglycemia and insulin resistance. The phosphoenolpyruvate carboxykinase (Pepck) and glucose-6-phosphatase (G6Pc) enzymes catalyze, respectively, the rate-limiting step and final step in hepatic glucose production (47) . Pepck is highly regulated at a transcriptional level by complex hormonal and dietary stimuli. Functional GR-binding sites have been characterized in the promoter regions of Pepck and G6Pc (48, 49) . GC-mediated up-regulation of Pepck requires binding of GR along with several accessory factors including hepatocyte nuclear factor 4 (HNF-4␣), hepatocyte nuclear factor 3 (HNF-3), C/EBP␤, forkhead transcription factor (FOXO1), retinoic acid receptor, retinoid X receptor, COUP-TF (chicken ovalbumin upstream promoter transcription factor), and peroxisome proliferator-activated receptor ␥ (PPAR␥2) to the Pepck promoter (44, 49 -52) . Several coactivators including, PPAR coactivator 1␣ (PGC1␣), glucocorticoid receptor interacting protein 1, p160 transcriptional cofactor steroid receptor coactivator 1 (SRC-1), and the acetyltransferase p300/cAMP response element binding protein (CREB)-binding protein (CBP) are also involved in Pepck transactivation (20, (53) (54) (55) (56) . In fact, GCs directly induce Pgc1␣ in hepatocytes (57) . PGC1␣ has a marked effect on the expression of gluconeogenic genes because of its ability to interact with multiple transcription factors (ie, GR, HNF-4␣, CREB, and FOXO1) (58, 59) . Elegant Pepck promoter mutation and ChIP studies by a number of groups have shown that the binding of accessory factors facilitates the recruitment of GR to the nonconsensus GRE, which is necessary for full GC-induced Pepck expression (44, 49, 58, 60 -62) .
Chromatin-modifying enzymes are responsible for maintaining the Pepck promoter in an open conformation, thereby allowing the transcription factors to access chromatin. The histone acetyltransferases p300 and CBP are recruited to the Pepck promoter in response to GCs (55, 62) . Insulin strongly represses the induction of Pepck, in part, through the loss of p300/CBP, resulting in chromatin condensation (62) . SMAD6 is a transcription factor that belongs to the TGF␤ family. SMAD6 suppresses GR-mediated transactivation by attracting histone deacetylase 3 (HDAC3) to DNA-bound GR and subsequently, antagonizing acetylation of histone H3 and H4 induced by SRC-1 (63) . In another unique mechanism, Nadar et al (64) recently found that phosphorylation of GR at serine 232 by MAPK p38 can discharge p300 and the SWF/SNF chromatin-remodeling complex component SNF2 from gluconeogenic GR-bound promoters in rat liver. Because AMP-activated kinase (AMPK) activates MAPK p38, this provides a mechanism by which the organism "senses" its low-energy status and turns off ATP-consuming metabolic programs including gluconeogenesis (65) . Indeed, when rats were treated with the AMPK activator AICAR, Dex-induced hepatic steatosis and gluconeogenesis were attenuated (64) .
Liver ϫ receptors (LXRs) are nuclear hormone receptors that are activated by endogenous cholesterol metabolites. Recently, we have shown that compared with wildtype (Wt) mice, Lxr␤-/-mice are protected from GCinduced hyperglycemia, hyperinsulinemia, and hepatic steatosis despite being similarly sensitive to immunosuppression. Following Dex-treatment, Lxr␤-/-mice remain insulin sensitive and do not show increased liver expression of Pepck. Moreover, neither GR nor LXR␤ regulate each other's expression; however, LXR␤ is required for GR recruitment to the GRE of the Pepck gene following GC induction (26) .
LXR␣ has been demonstrated to repress the expression of the GR target genes Pepck and G6pc (66 -69) . In vivo studies in rodents have shown that activation of LXR␣ decreases liver levels of these genes along with hepatic glucose production (68, 69) . It was recently shown that treatment of hepatoma cells with LXR ligands also suppressed GC-induced Pepck and G6pc expression (70) . In agreement, dosing the rats for 3 days with an LXR ligand (GW3965) attenuated the increase in plasma glucose that is observed after a single dose of Dex (70) . Using gel shift and ChIP experiments, the authors demonstrated that these effects were mediated by LXR␣, because LXR␣/ retinoid X receptor ␣ heterodimers competed with GR to bind to the GRE of the rat G6Pc gene (70) . Taken together, the studies mentioned above suggest isoform-specific roles for LXR␣ and LXR␤ in GC-induced gluconeogenesis. Whereas endogenous expression of LXR␤ is required for a maximal GR occupancy on the GRE of gluconeogenic genes in the liver, activation of LXR␣ by a synthetic ligand appears to suppress GC-activated gluconeogenic gene transcription by inhibiting the recruitment of GR to the GREs of these genes.
Several transcription factors have been shown to regulate GR levels directly. Farnesoid X receptor (FXR) is a ligand-activated transcription factor that responds to endogenous bile acids. Recently, Renga et al (71) found that FXR activation up-regulates GR, Pepck, and G6Pc expression, only when the mice were in the fasted state. In the fed state, FXR activation results in a decrease of GR, Pepck, and G6Pc expression, likely through the mechanism of induction of the small heterodimer partner, a nuclear receptor repressor regulated by FXR (71, 72) . The authors further describe a distal FXR-binding site (ER8) on the human GR promoter and show that activation of FXR is necessary to up-regulate GR transcription in response to bile acids. They have also shown, following fasting, Fxr-/-mice exhibit hypoglycemia and have decreased expression of GR, Pepck, and G6Pc compared with Wt mice. Moreover, decreased expression of GR in Fxr-/-mice protected them from hyperglycemia caused by 4 days of Dex treatment (71) . Similarly, Lu et al (73) found that Yin Yang 1 (YY-1), a transcription factor involved in cell proliferation and differentiation, also regulates hepatic gluconeogenesis. YY-1 expression is induced in mice during fasting by cAMP/protein kinase A/CREB signaling and in the state of insulin resistance (in db/db mice). Under these conditions, YY-1 along with the SRC-1 coactivator complex is recruited to the promoter of GR to induce its expression, resulting in increased GR signaling and increased hepatic gluconeogenesis (73) .
Altering the nuclear translocation of GR is another mechanism of changing the GC/GR liver response. Inhi-bition of HDAC6 activity results in hyperacetylation of Hsp90 and impaired chaperone-dependent activation of GR (74, 75) . Recently, Winkler et al (76) found that Hdac6-/-mice are protected from Dex-induced glucose intolerance, insulin resistance, and hyperglycemia due to decreased nuclear translocation of GR. They further showed that HDAC6 inhibition by tubacin had no effect on Dex-mediated suppression of inflammatory gene expression in lipopolysaccharide-induced human THP-1 monocytes, suggesting that this may be a new mechanism to dissociate the positive and negative actions of GR (76) .
It is well recognized that catabolic hormones such as GCs oppose the actions of insulin in the liver. It is therefore not surprising that GCs modulate the expression of proteins and lipids that inhibit the insulin-signaling pathway and contribute to GC-induced hepatic glucose production. For example, GCs have been shown to increase the expression of Trb3, a mammalian homolog of Drosophila tribbles, in hepatocytes (77, 78) . Du et al (78) found that TRB3 functions as a negative modulator of insulin signaling where it binds directly to AKT, preventing its phosphorylation and activation in diabetic db/db mouse livers, in turn promoting hyperglycemia and glucose intolerance (78) . In a second example, Holland et al (79) showed that Dex treatment increases ceramide synthesis and accumulation in the liver by inducing the expression of ceramide synthetic genes including serine palmitoyltransferase, the rate-limiting enzyme in ceramide synthesis. Reducing ceramide levels by myriocin (serine palmitoyltransferase inhibitor) pretreatment protects mice from developing Dex-induced insulin resistance and glucose intolerance. In addition, mice heterozygous for dihydroceramide desaturase-1 (Des1), an enzyme that converts inactive dihydroceramide into active ceramide, are protected from Dex-induced insulin resistance (79) . Together these studies highlight new mechanisms regulated by GCs that impact hepatic gluconeogenesis and insulin resistance.
Role of GCs in hepatic lipogenesis
Elevated GC levels modulate genes involved in lipolysis and triglyceride (TG) synthesis in a tissue-specific manner. GC effects on the liver are thought to be partially responsible for hypertriglyceridemia and hepatic steatosis seen in Cushing's patients (17, 80, 81) . Dolinsky et al (84) observed that treatment of mice with Dex caused accumulation of TGs in the liver by reducing TG lipolysis and increasing TG synthesis (82) (Figure 3 ). In the same study, Dex had no effect on hepatic very low density lipoprotein (VLDL) secretion rates in vivo or in isolated primary hepatocytes but did find a 50% decrease in TG turnover in hepatocytes with Dex treatment. They also observed that the proportion of secreted TG derived from de novo sources is increased with Dex, whereas utilization of stored TG for secretion was reduced (82) . Triacylglycerol hydrolase (TGH, also known as Ces3) is a lipase that hydrolyzes intracellular TG within hepatocytes prior to incorporation into VLDL. Although GR does not regulate Tgh transcriptionally, Tgh mRNA stability is decreased by Dex treatment (82) .
We have shown that Lxr␤-/-mice are resistant to developing GC-induced hyperinsulinemia and hepatosteatosis (26) . LXR␤ appears to affect GC-regulated lipid metabolism by modulating glucose metabolism and insulin sensitivity. It has previously been shown in normal or diabetic rats, and in isolated primary hepatocytes, that the potent lipogenic actions of GCs in the liver are dependent on insulin (83) (84) (85) (86) . Compared with Wt mice, Dex-treated Lxr␤-/-mice are more insulin sensitive. This observation could explain the decreased GC-induced TG accumulation in Lxr␤-/-mice compared with Wt mice (26) .
A study by Lemke et al (87) has shown that hepatic overexpression of Hes1 (hairy inducer of split-1) completely protects mice from liver steatosis caused by GR activation. GC treatment represses the expression of Hes1, a transcriptional repressor, in the liver. Adenovirus-mediated hepatic overexpression of Hes1 increases the expression of pancreatic lipase (Pnl) and pancreatic lipase-related protein (Pnlrp 2) in mice treated with Dex for 3 weeks (87) . Hepatic Pnl and Pnlrp2 contribute to TG hydrolysis and the subsequent stimulation of fatty acid oxidation and ketogenesis (88) . Moreover, liver-specific knockdown of GR in db/db mice induces Hes1 expression and improves hepatic steatosis. These data sug- gest that GC-mediated inhibition of the transcription of Hes1 results in a decreased expression of Pnl and Pnlrp2, which in turn elevates hepatic TG accumulation. Furthermore, the authors showed that Hes1 is a direct target of GR using both ChIP and promoter reporter studies (87) . This study indicates that Hes1 is likely a GR primary target gene that controls hepatic TG storage by regulating genes involved in TG hydrolysis in the liver. A recent study using Dex-treated Hes1 liver-specific knockout mice found that Hes1 plays a more global role as a master repressor that must first be down-regulated for GR to have its effects on carbohydrate metabolism (89) . MED1, a component of mediator cofactor complex, has been shown to coactivate several nuclear receptors including GR (90, 91) . Gene expression analysis in Med1-/-mouse embryonic fibroblast cells found that Med1 was selectively required for the regulation of GR target genes (90) . Moreover, Dex-induced hepatic steatosis was attenuated in liver-specific Med1-/-mice com- 
Adipose tissue
Role of GCs in lipogenesis, adipogenesis, and lipolysis
GCs have complex effects on adipose tissue, causing both increased lipolysis and increased adiposity ( Figure  3) . One of the clinical features of GC excess in Cushing's syndrome is abdominal obesity with limited sc fat on the extremities. Abdominal obesity is strongly associated with insulin resistance, cardiovascular disease, and hypertension and thus is a significant contributor to morbidity and mortality (93) (94) (95) . The complexity of GC signaling in adipose tissue depends not only on the specific adipose depot in question but also the intracellular concentration of GC. Multiple mechanisms contributing to the complicated effects of GCs on adipose tissue have been recently summarized by Peckett et al (96) and we highlight a few studies below.
Using stable isotope-labeling techniques, it has been shown that TG synthesis and lipolysis are increased concurrently in inguinal fat pads of mice treated with Dex and in sc and visceral fat from Cushingoid (CRH-Tg) mice (97, 98) . Compared with mice treated with vehicle, Dex treatment increases the expression of numerous TG synthesis genes (Scd2, Gpat3, Gpat4, Agpat2, and Lpin1); lipolytic genes (Lipe and Mgll); lipid transport genes (Cd36, Lrp1, Slc27a2, and Vldlr); and lipid storage genes (S3-S12) in inguinal fat (98) . At least one functional GBS has been found within the genomic sequence of the genes mentioned above with the exception of Agpat2 (98) . Moreover, it has been shown that ex vivo cultures of visceral adipocytes but not sc adipocytes from GC-treated rats showed higher lipolytic rates than the control cultures, suggesting GCs may promote the flux of TGs from the visceral white adipose tissue (WAT) to liver (99). Campbell et al (99) found that treatment of rats with corticosterone for 10 days also increased visceral adiposity due to increased preadipocyte differentiation as opposed to adipocyte hypertrophy. In agreement with this observation, Dex is routinely used as a component of the in vitro adipogenic differentiation cocktail (100).
Angiopoietin-like4 (ANGPTL4, fasting-induced adipose factor) is a protein inhibitor of lipoprotein lipase. Angptl4 is synthesized and secreted from the liver and white adipose tissue (WAT), in response to fasting and elevated GC levels. Increased expression of Angptl4 in WAT inhibits extracellular lipoprotein lipase and promotes intracellular lipolysis; together, these result in higher circulating TGs and increased mobilization of lipids from WAT to the plasma (101). Accordingly, Koliwad et al (102) found that Angptl4-/-mice are protected from hypertriglyceridemia and hepatosteatosis caused by 4 days of Dex treatment. The authors showed that Angptl4 is a direct target of GR using both ChIP and promoter reporter studies (102) . Subsequent studies by Gray et al (101) showed that 24 hours of fasting induced Angptl4 expression in the liver and WAT in a GR-dependent manner (the effect was attenuated by RU-486 treatment). In addition, lipolysis induced by fasting or Dex treatment was severely impaired in WAT from Angptl4-/-mice (101). These studies suggest that Angptl4 is a primary target of GR in adipocytes that promotes lipolysis and redistribution of lipids from adipocytes to the liver.
Skeletal muscle
The muscle is the largest insulin-sensitive organ in the body and thus plays a major role in maintaining glucose homeostasis (103) . In response to stress, GCs act on the muscle and oppose the actions of insulin, resulting in enhanced protein degradation, decreased protein synthesis, and supressed insulin-stimulated glucose uptake ( Figure  3 ). Prolonged GC exposure can lead to muscle wasting (atrophy) and insulin resistance (104) . Muscle-specific deletion of GR found that GR expression was necessary to promote muscle atrophy in response to Dex treatment (105) . Interestingly, both genomic and nongenomic mechanisms have been found to be at play in skeletal muscle to regulate protein and glucose metabolism through modulation of the insulin/IGF-1 pathway. The role of GR in muscle has been recently reviewed in detail by Kuo et al (104) . Although the detailed molecular mechanisms are still being elucidated, a few of the key components will be discussed below.
Effect of GCs on muscle wasting
GCs promote skeletal muscle atrophy through increased catabolic (protein breakdown) and decreased anabolic (protein synthesis) pathways. On the catabolic side, 2 important genes, muscle RING-finger protein-1 (MuRF1) and muscle atrophy F-box (MAFbx) play a key role in promoting muscle atrophy and are induced with increasing concentrations of exogenous or endogenous glucocorticoids (105) .
MuRF1 and MAFbx are ubiquitin ligases that mark proteins for degradation by the proteasome (106) . MuRF1 has been shown to physically interact with the myosin heavy chain of skeletal muscle to target it for degradation, and the loss of myosin heavy chain in response to GCs is attenuated in Murf1-/-mice (106). MAFbx was found to bind and antagonize MyoD, a transcription factor responsible for muscle differentiation and repair (107) . MAFbx was also found to target eIF3-f (a protein involved in the initiation phase of translation) for degradation (108) . Using Dex to induce muscle atrophy, Baehr et al (109) found that Murf1-/-mice exhibited muscle sparing compared with Wt mice; however, this was not observed in Mafbx-/-mice, indicating that MuRF1 and MAFbx are differentially sensitive to various atrophy models (109) .
Mechanistically, GCs induce the up-regulation of MuRF1 and MAFbx by different means. MuRF1 possesses a GRE in its proximal promoter, and its regulation by GCs depends on GR homodimerization (110) . In contrast, MAFbx is activated through an indirect mechanism, in which competitive binding of GR with AKT leads to the downstream activation of FOXO1/3, transcriptional regulators of MAFbx, thus, indirectly inducing MAFbx expression (111) . MuRF1 also has a FOXO1-binding site near its GRE that has been shown to act synergistically with GR to increase its expression (110) .
Myostatin plays an important role in the anti-anabolic effects of GCs. The myostatin gene contains a GRE in its promoter, and GC treatment increases its expression. Myostatin negatively regulates skeletal muscle mass by inhibiting muscle cell proliferation and protein synthesis (112) . Dex treatment of myostatin -/-mice resulted in a sparing of skeletal muscle compared with Wt mice, and a decrease in the expression of Murf1 and Mafbx, suggesting that myostatin may also have a role in their regulation (113) . Several studies have shown that myostatin inhibits AKT (114 -116) , which would lead to increased expression of the atrophy genes.
Downstream of AKT, mammalian target of rapamycin (mTOR) plays an important role in regulating protein synthesis by mediating the phosphorylation of S6K1 and 4E-BP1 (117). GCs inhibit mTOR, which leads to a decrease in protein synthesis. As outlined by a recent review, there are several GR primary target genes (ie, Klf-15, Sesn1, Depdc6, Ddit4, and Mknk2) that are known to interact with mTOR and may contribute to GC-inhibited mTOR signaling (104) . Two of these primary GR target genes, Ddit4 (REDD1) and KLF15, have been shown to inhibit mTOR via distinct mechanisms. Ddit4 inhibits mTOR by increasing activity of TSC1/2 (proteins which form complexes and help to regulate mTOR) (118) . KLF15 inhibits mTOR by activating transcription of the mitrochondrial enzyme, Bcat2, which reduces mTOR activity (118). Furthermore, it was shown that KLF15 upregulates the atrophy genes MuRF1 and MAFbx. Interestingly, mTOR activation blocks GR transcription, thus attenuating GR-induced atrophy (118) . Therefore, the cross talk between GR and mTOR is an important factor for skeletal muscle regulation.
Effect of GCs on muscle glucose homeostasis
Impaired insulin action in skeletal muscle is considered to be a key defect in insulin-stimulated glucose disposal in insulin-resistant, obese, and diabetic individuals (119) . GCs inhibit glucose uptake and utilization in muscles. Glucose uptake is suppressed mainly through inhibition of GLUT4 translocation to the membrane (5, 120, 121) . Moreover, glycogen synthase activity is decreased following GC treatment (5, 121, 122) . Under normal conditions, when insulin is present, glycogen synthase kinase 3 (downstream of phosphatidylinositol 3-kinase [PI3K]) is phosphorylated and inactive, leaving glycogen synthase derepressed. However, following GC treatment, glycogen synthase kinase 3 phosphorylation is decreased, which activates it, leading to repression of glycogen synthase (123) . Notably, the above genes are downstream of AKT in the insulin-signaling pathway.
GCs further decrease glucose utilization by inhibiting glucose oxidation in the muscle. Pyruvate dehydrogenase kinase 4 (PDK4) is a negative regulator of glucose oxidation, and GCs strongly up-regulate Pdk4 expression in skeletal muscle via GRE binding (and binding of FOXO1) thereby decreasing overall glucose utilization in muscle cells (124) . This correlates with earlier findings that stardoi: 10.1210/me.2014-1062 mend.endojournals.orgvation and diabetes increase the expression of PDK4 in muscle leading to inactivation of pyruvate dehydrogenase (125) . GR mRNA expression in skeletal muscle has also been shown to be increased in obese patients with type 2 diabetes when compared with healthy controls, and these levels decreased during treatment in concert with improved insulin sensitivity (126) .
GR directly impairs insulin signaling
Dysregulation of protein and glucose metabolism in skeletal muscle both involve impaired insulin signaling. In the absence of GCs, insulin binds and activates the insulin receptor, which phosphorylates IRS, activating PI3K, leading to AKT activation. Activated AKT causes inactivation of FOXO1, thereby limiting atrophy gene expression. Many groups have found that muscle atrophy relates to impaired IRS-1-associated PI3K/AKT activity (127) (128) (129) ; however, until recently it was not clear how this was occurring. In 2009, Hu et al discovered that activated GR competitively binds to p85␣, the regulatory subunit of PI3K (130, 131) and decreases its ability to associate with IRS-1. Because of this nongenomic GR interaction, AKT is not phosphorylated and FOXO1/3 are active, which contributes to increased MuRF1 and MAFbx expression (131) . GR expression in muscle is necessary for Dex-mediated impairment in AKT phosphorylation (111) . Using ChIP-seq and microarray analyses, Kuo et al (40) found GR-binding regions in 8 genes involved in regulating the insulin/IGF-1 pathway. Among these, p85␣ was regulated at the transcriptional level through a GRE. Furthermore, short hairpin RNA studies of p85␣ in myotubes found that the ability of GCs to inhibit AKT was compromised and atrophy gene expression diminished (40) . Conversely, adenoviral overexpression of p85␣ reduced myotube diameters and decreased protein synthesis, mimicking the effects of GCs (40) . These data suggest that p85␣ may be responsible for suppression of insulin signaling in response to GCs through genomic and nongenomic mechanisms.
Pancreas
The pancreas elicits a complex response to elevations in GC levels as it secretes insulin and glucagon in response to changes in circulating blood glucose. Studies in mice and humans have shown that following Dex administration both glucagon and insulin levels are elevated concurrently (23, 132) . With GC treatment it is expected that insulin secretion would be elevated to counteract increased circulating blood glucose; however, the importance of elevated glucagon during chronic GC therapy is not well studied. Further complicating our understanding of the actions of GCs in the pancreas, conflicting reports have emerged from in vivo and in vitro studies.
Perfusion of isolated pancreas from Dex-treated rats found that compared with vehicle treatment, the first phase of glucose-induced insulin release was unaffected, but the priming effect of glucose (ie, augmented secretion compared with first phase) was lost in the second phase of glucose-induced insulin release (133) . The authors suggest that the loss of priming by glucose was due to increased demands on ␤-cells mediated by the GC treatment. In contrast, a recent study in rat islets isolated from Dex-treated animals demonstrated that more docked secretory granules are present in the ␤-cells, resulting in enhanced insulin secretion in response to glucose (134) .
GC treatment causes increased circulating insulin levels both in mice and humans (23, 24, 132, 135, 136) . It is generally accepted that during GC therapy, hyperinsulinemia observed in vivo is due to the body's attempt to counteract the hyperglycemia due to insulin resistance in the liver (Figure 3 ). In agreement, Nicod et al (135) demonstrated that after 2 days of Dex administration to healthy individuals, heightened insulin secretion fully compensated for Dex-mediated insulin resistance in skeletal muscle and adipose but not in liver because endogenous hepatic glucose production remained elevated during a hyperglycemic clamp (135) . Moreover, there appears to be an acute effect of GCs on insulin secretion. When oral glucose tolerance tests were performed immediately (5 minutes) after receiving a single iv bolus of hydrocortisone in healthy humans, it was found that the rise in plasma glucose was attenuated during the initial 15 minutes, which led to lower glucose levels during the first 2 hours in hydrocortisone group. This was accompanied by enhanced circulating insulin and C-peptide levels during the initial 15 minutes, and a 35% increase in the first-phase ␤-cell function. These studies suggest that both direct (GC action at the pancreas) and indirect (hyperglycemia) cues signal together to orchestrate whole-body insulin secretion in response to GCs.
In contrast to the above experiments in which GCs were administered subchronically in vivo, mechanistic studies performed in tissue culture using isolated islets and insulin-producing cells show that GC treatment inhibits insulin secretion and increases ␤-cell apoptosis (11, 137, 138) . Ullrich et al (139) found that GC treatment causes induction of serum/GC-regulated kinase 1 (Sgk-1) in insulin-secreting INS-1 cells, which, in turn, up-regulates the activity of voltage-gated K(ϩ) channels. Increased K(ϩ) channel activity reduces Ca(2ϩ) entry through voltage-gated Ca(2ϩ) channels and insulin release. In agreement, Dex significantly blunted glucoseinduced insulin release in islets isolated from Wt but not Sgk1-/-mice (139) . These data suggest that the GR target gene Sgk-1 is a key protein that causes GC-mediated dysregulation in insulin secretion. Reich et al (138) recently found that Dex induced the expression of Txnip, a negative regulator of the antioxidant thioredoxin in ␤-cells of mice and human islets, resulting in apoptosis. These effects were reversed by cotreatment of Dex with RU-486. In agreement, Txnip-/-mice have more functional ␤-cells compared with control littermates (140) . In summary, pancreatic GC actions are not completely understood and render opposing responses in isolated cell systems compared with an intact animal.
Interorgan Interplay Influencing GCInduced Metabolic Adaptations
The interplay between organ systems plays an important role in mediating the metabolic consequences of glucocorticoid excess. For example, GC-induced lipolysis of adipose tissue enhances free fatty acid release into the bloodstream, enhancing fatty acid uptake into the liver, which results in hepatic steatosis. Other examples of this interorgan communication have been shown recently in different contexts involving nontraditional metabolic organs, a few examples of which will be discussed below.
GC-mediated GR activation has been shown to increase PPAR␣ expression (57) . Bernal-Mizrachi et al (141) determined that Ppar␣-/-mice are protected from Dex-induced hyperglycemia, hyperinsulinemia, and hypertension and that PPAR␣ reconstitution in nondiabetic Dex-treated Ppar␣-/-mice liver is sufficient to increase gluconeogenic gene expression, hyperglycemia, hyperinsulinemia, and hypertension. A subsequent study found that selective hepatic afferent vagotomy decreased Dexmediated hyperglycemia, hyperinsulinemia, insulin resistance, Pepck and PPAR␣ expression, and hypertension in Wt mice. Moreover, PPAR␣ reconstitution in nondiabetic Dex-treated Ppar␣-/-mice increased blood glucose, insulin, Pepck activity, and blood pressure in sham-operated animals but not hepatic vagotomized mice (142) . These studies suggest that a complex interaction between hepatic PPAR␣ expression and vagal afferent pathway is necessary for GC-induced metabolic effects.
GR is highly expressed in the hypothalamic paraventricular nucleus (PVN) and arcuate nucleus (ARC), where GCs have been shown to increase the expression of neuropeptide Y (NPY). NPY neurons projecting from the ARC to the PVN are essential for balancing feeding behavior and glucose metabolism. Recently, Yi et al (143) found that local administration of Dex into the ARC, but not into the PVN, during a hyperinsulinemic-euglycemic clamp induced severe hepatic insulin resistance in mice. This effect was prevented by either intracerebroventricular coadministration of the NPY1 receptor antagonist BIBP3226 or by hepatic sympathetic denervation (143) . This study suggests that GC signaling in the ARC neurons modulates hepatic insulin responsiveness via NPY and the sympathetic nervous system (Figure 3) .
A recent study suggests an interesting new role for osteoblasts ("bone forming cells") in mediating the effects of GCs on fuel metabolism. Transgenic mice expressing the GC degrading enzyme 11␤-hydroxysteroid dehydrogenase 2, under the control of the rat collagen type 1 promoter, produced osteoblasts with disrupted intracellular GC signaling at the prereceptor level. Using these mice, the authors found that disruption of GC signaling in the osteoblast attenuates GC-induced obesity and hyperglycemia and partially prevents GC-induced insulin resistance and glucose intolerance (24) . Osteocalcin is a key protein secreted by osteoblasts the expression of which is decreased by GC treatment. Hepatic overexpression of osteocalcin in Wt mice prevented GC-induced increases in hepatic lipid deposition and partially protected against insulin resistance (24) . These data point to a novel GCmediated cross talk between the skeleton and whole-body glucose metabolism (Figure 3 ).
Concluding Remarks
Although the mechanisms of GR action have been studied for more than 30 years, we continue to uncover new and remarkable ways in which GR coordinates genomic and nongenomic actions to achieve a specific physiologic response. The development of new GC therapeutics with distinct activity profiles are showing promise at separating a subset of side effects from the desired antiinflammatory effects, although their exact mechanisms of achieving this dissociation are still not completely clear (144, 145) . Several proteins described in this review such as, LXR, FXR, AMPK, and HDAC6, are amenable to small-molecule targeting and may prove to be effective at limiting GR-mediated side effects when dosed in combination with currently prescribed GCs. We anticipate that the recent technological advances in genome-wide sequencing will allow researchers to probe deeper into the mechanisms of GR gene regulation, exploring mRNA transcription and splicing, micro RNA, and long non-coding RNA, to uncover additional tissue-specific or gene-specific regulatory pathways that contribute to GR function.
